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1. INTRODUCTION

OBJECTIVE OF PROPOSED WORK

The objective of this project is to systematically investigate using
numerical models the mechanics of deformation and progressive failure in ice
for the purpose of predicting global forces and local pressures on offshore
structures proposed for deployment in the Arctic. The focus is on ice
sheets interacting with rigid cylindrical indentérs. The projéct involves
the following three major areas of study:

1. Development of constitutive models to characterize the mechanical

behavibr of sea ice.

2. Devélopment of finite element methods of analysis to account for

. the simultaneous occurrence‘of viscous {(rate deéendent) and f;acture
behavior in ice, and time varying contact between ice and structufe.

3. Numerical solution of ice-structure interaction processes for

selected ice»featufes aﬁd structural configurations to predict

global forces and local pressures.

BACKGROUND

As much as 30-40 percent of the U.S. undiscovered hydrocarbon
recoverable reéer&es, comparable in magnitude to those of‘the Persian Gglf,
are estimated to lie in the Arctic. Thé extraction of these resources in an
economical.and safe manner poses many technical challenges to offshore
engineering. At the root ‘of these problems is the severe environment
created by perennial ice features that impart global forces and local .

pressures on structures which are several times greater than those from waves



in non-Arctic environments. Typically, two levels of ice loading are
considered for design purposes. Global ice loads govern the overall
structural geoﬁetry and dimensions as well as the foundation design, while
local ice pressures are likely to dictate wall thicknesses and local
framing, and may well govern structural cost.
Most of the emphasis in research has been on predicting global forces.
Only during recent years, as the focus changed from overall feasibility to
preliminary and detailed design, has the importance of local piessures
emerged. It is widely recdgnized that significant uncertainties exist in
the ice ldad models in use today and that some design loads may be
overestimated by an order of magntidue. Reséarch is necessary to quantify
the uncertainties in iceiloads and to develop improved load prediction
models for the safe and economical.design.of structures..-
Uncertainties in existing ice load models arise primarily from five
sources:
‘ Incomplete modeling of the mechanical behavior of ice,
including temperature and fracture effects.
® Empiricism in existing theoretical models resulting from the
use of approximate analysis mdethods.
® Inadeq&ate modeling of the contact forces at the ice—structﬁre
interface.
® Neglecting the effect of scale/size on material stréngth.
¢ Not accountiﬁg for the finiteness of environmental and other
forces driving the ice features.
In order to quaﬁtify*these uncertainties and to better predict global

and local ice loads, numerical models are necessary for computer simulation



of ice-structure interaction processes. In contrast to analytical methods,

such models can realistically simulate the interaction accounting for

spatial-temporal variability in the mechanical behavior of ice and for

multiple modes of failure in ice.

" The complexity of sea ice behavior is due mainly to:

(-]

Strong dependence on rate of loading, which is spatially and
témporally variable in ice features.

Simultaneous occurrence of ductile, strain-softening, and brittle
modes of deformation.

Pressure sensitivity leading to different strengths in compression
éndrtension (at moderate-to-high rates of loading) and to melting
péint depression.

Material énisotropy leading to strength variation by a factor

of three.

Strong dependence on temperature, varying in first year ice from
melting point at the water interface to perhaps -50°F at the air
interféce.

Strong dependence on internal structure of ice (grain size, fabric,

brine volume, salinity, porosity), which is spatially varying

particularly in multi-year ice features.

A key aspect in the development of constitutive models is the need for

accurate and consistent experimental data on ice, especially to characterize

its behavior relating to 'tensile loading, cyclic loading, multiaxial

loading, nucleation and interaction of cracks, material anisotropy, thermal

and structural gradients, and fracture toughness. . Currently available data

is in many cases sufficient to postulate approximate constitutive models.



Numerical simulations can help to establish the importance of more extensive
experimentation in quantifying ice-structure interaction processes.
Finite element methods of analysis for simulating ice-structure
interaction processes are affected by the following research concerns:
® Rate dependent material behavior with negligible elastic
deformation.
® TInitiation and propagation of cracks due to fracture.
® sgsimultaneous occurrence of rate dependent and fracture behavior.
® pdfreeze bond and friction at ice-structure interface.
@ Time-varying contacf between ice and stucture and between
fractured ice features,

9 sStrain-softening of ice.

STAFFING

Dr. S. Shyam Sunder, Assistant Professor of Civii Engineering, is
Principal Investigator fer this project while Dr. Jerome J. Connor,
Professor of Civil Engineering, is Co-Principal Investigator. .In addition,
two full—eime graduate Research Assistants are participating in this
research: Mr. S-K Ting, a doctoral student with considerable experience in
conerete testing and dynamic behaviorvof offshore structures; and Mr{ F.S.
Chehayeb, a doctoral student whose background is in numerical analysis and

finite element methods.



2. SUMMARY OF RESEARCH ACTIVITIES

The principal technical developments through the end of this reporting
period have been:
(1) The study of sea ice indentation in the creeping mode of
deformation.
(2) Initiation of research to develop failure criteria for sea ice
accounting for fracture behavior.
Specific accomplishments and current research directions are discussed

below:

Sea Ice Indentation in the Creeping Mode

A study of. ice indentation in the creeping mode is important for two
reasons: (a) creep is the»predominant‘mode of deformation for artificial
islands in the Arctic nearshore region during "breakout" and/or steady
indentation conditions occurring in the winter, and (b) stresses, strains,
and strainrates Qithin the continuum resulting from creep are necessary to
predict the initiation and possibly even the propagation of cracks when
viscous effects influence fracture.

Global and local pressures generated during sea ice indentation in the
creeping mode are being studied, accounting for the spatial variation of
strainrafes. Two methods of analysis are being considered: (a) approximate
methoos, i.e., upper-bound method and strain path method, and (b) "exact"
Amethod based on the finite element method. In both cases, a two-dimensional
idealization of the indentation process is considered. In order to provide
continuity with previous work, the isotropic, incompressible thfee—
dimensional extension of ohe uniaxial power-law creep'model has been

extensively studied. Pressures predicted with this model are



being compared with those from previously published fprmulas, €eG .y APi Bul.
2N, Ponter et al., and Bruen & Vivatrat. In addition, ice pressures have
been obtained with the approximéte methods for a new uniaxial model that
accounts for the stress-strain-strainrate behavior of sea ice, including its
strain-softening behavior.

The key difference in the two approximate methods of analysis is that
point stresses within the continuum caﬁ be obtained with the strain path
method. As a result, local stresses at the ice-structure interface can be
estimated, unlike the upper bound method which only yields the global pre-
ssure. However, both methods rely on an adeguate specificiation of the
velocity field in the ice sheet. This is obtained through a combination of
thédretical modeling based on fluid mechahics and field ice movement survey
data from an artificial island in the Beaufort Sea. In particular, two
theo;etical kinematic models are considered: oﬁe resulting from the sﬁpér—_
position of a point source and a uniform flow.(Kinematic Model A) that has
been proposed by Brueh & Vivatrat; and the other resulting from the super-
position'df a doublet and a uniform flow (Kinematic Model B).

The results of the approximate methods indiéate that:

{(a) - Kinematic Model B better models the ice movement survey data

used here than Kinemétic Model A.

(b) In the creeping mode of ice deformatidn, local ice pressures

are of-the same order of magnitude as the global pressures.

(¢} Under the same conditions,'KinematiC'Model B, the API model, and

the Ponter et al. model predict siﬁilar global pressures.

(d) The variation in global pressures for different power-law

model parameters (Wang, Sanderson, Ting & Shyam Sunder) is

on the order of.30%.



A key finding of the work is that foi rate—~dependent matérial models
describing éea ice behavior, interface adfreeze and frictionvstresses can
significantly influence both local and global ice pressures. The only
realistic way to study these effects is through numerical models based on
the finite element method of analysis.

This research has been summarized in a paper entitled "Sea Ice

. Indentation Accounting for'Strain—Rate Variation" to be published in the

proceedings of the ASCE Specialty Conference: ARCTIC '85 - Civil
Engineering in the Arctic Offshore to be held at San Francisco, CA, March
25-27, 1985. A copy of the paper is attached in Appendix A.

The finite element formulation for general viscoplasﬁic behavior
including creep (nonlinear viscoelasticity) has been implemented in a
computef>code called DECNEC (Discrefe Element Computational NEtwork
Controller)f A major effort has been expended in developing a new bi-level
solution algorithm. This is based on a secant type iteration involving 4-6
cycles per time step on the global equations of motion and a Newton—Raphson
or tanget tyée iteration, combined with the g-method of ‘time integration
and typically not exceeding 4 cycles per time step, on the rate—dependént
constitutive relations at each integration point within an element. Data
input is simplified by the use of a pre-processor specially written for the
programe. A post-processor called ORION, originally developed at the
Lawrence Livermore Laboratory, can produce graphical display of stress,
strain, and strain;ate contours as well as interfaée pressure distributions.
The current implementation is a two-dimensional vérsion‘fof plane stress
problems. A four noded quadrilatefal element is currently available.

Although an eight-noded quadratic element is often preferred (and may be
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included in the future), accurate results can and have been obtained with
the four-noded element usingva finer finite element mesh. The program has
the ability to simulate a free or frictional contact between two deformable
bodies, i.e., nNno contact stresses due.to adfreeze bond, by defining the

interface as a "slideline". An isotropic power-law creep material model has

been implemented in the present version of the program.

The accuracy of the computer code has been verified in two Ways;
through the solution of simple test problems, and by compariné the
variability in predicted global pressures due to indenter diameter, materiél
model parameters, and ice sheet velocity with that predicted by approximate
methods of analysis. In both cases, the numerical solutions are accurate to
within specified tolerances typically achievable in finite element
analyses.

Numerical simulations have been pefformed under plane stress conditions
to assess the influence of interface adfreeze and friction, material
constants for a multi-axial power law creep model, grounded rubble pile,
and ice sheet velocity on predicted glbbél forces and local pressures. The
resulﬁs have been compared with those based on approxiﬁate methods of
analysis. Stress,'strainrate( and strain countours have been obtained in
addition to the distribution of interface pressures. -

vThe numerical simulations show that: .

1. Global forces vary by a facﬁor of 2.5 depending upon whether the
interfécé condition is fixed (infinite adfreeze bond strength),
roller, or free (no adfreeze bond strength or interface friction).
The fixed condition is about 1.3 times and the free condition about

0.5 times the roller condition.
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Finite element analysis predictions of global pressure differ from

a modified forﬁ of the upper bound solution for Kipematic Model B by
less thaq 10% for varying velocity, indenter diameter, and material
constants. The modification is necessary since the two~dimensional
natﬁre of the kinematic models makes the approximate solutions

strictly apply to plane strain conditions, and not to the plane

stress condition of interest.

The ratio of maximum normal interface pressure to global pressure
approximately varies in the range 0.35-1.10 depending upon the

interface condition. It is 0.35 for the fixed condition, 0.55 for

the roller condition, and 1.10 for the free condition.

The maximum (peak) normal interfaée pressureé vary by a factor of
1.26 depending upon the interface condition. Tﬁe fixed condition
is about 0.83 times and the free céndition about 1.04 times the
roller condition. The magimum interface shear stress for the fixed
condition is about 0.81 times the corresponding maximuﬁ normal
pressure. However, a.different boundary value problem involving a
smaller contact area, as opposed to contact over half the perimeter
iﬁ the free condition, will lead to highervinterface pressures.
Pressure—area curves should be considered as providing the

maximum normal interface pressure for a given indenter area of
contaﬁt (form area), rather than the average integrated normal
pressure-over a.tributary loaded area‘for a structural component.
It is conservative to assume a uniform or rectangulér disfribution
of the local pressure over the indenter area of contact for

purposés of design.
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6. Tensile stresses, strains and strainrates occur almost all over the
ice sheet, and may be the key to explaining fracture behavior
during indentation. While biaxial compression and tension states
tend to occur for stress on the upstream and downstream sides,
respectively, the staté of strain is almost always
compression—-tension. The levels of tensile strain'are often
sufficient to cause cracking even before steady state creep is
reached. |

The possible effect of a grounded rubble pile or accreted ice foot on

ice pressures was assessed by defining an effective indenter equal to a
multiple (2.85) éf the structural diameter. This resulted in a factor of
1.97 increase in global force. In the case of a érounded rubble pile, it
would be over conservative to consider that all this force is transmitted to
the foundation by the st;uéture. On the other hand, the force transmitted
to the foundation by thé structure would decrease by a factor of 4.14 if
both the structure and the groundéd rubble pile could transmit a force pro-

portional to the contact area of each with the foundation. This may be

reasonable only if the rubble pile is consolidated and grounded fimly in the

foundation soil such as in the case of constructed ice packs. Further
research isvnecessary to quantify the level of force that can be directly
transmitted to the foundation by a grounded rubble pile.

The numerical simulations aiso'showed that (i) even a facfor of two
uncertainty in velocitf will affect ice pressures only by about 20-30%, and
(ii) uncértainties in material constants for an isotropic power law creep
modél may vield iée pressures that vary by ébout 15-30%. However, iméro?ed
materialvmodels that include fracture and temperature effects in addition to

the transversely isotropic behavior of sheet ice can have a major influence
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on ice pressure prédictions. In particular, fracture in ice will be the key

mechanism that limits ice pressures generated under the significantly higher

velocities that occur in the field when compared with the value just prior

to "breakout" or macrocracking considered here. This is an area for further
research.

This research has been summarized in a paper entitled "Sea Ice
Indentation in the Creeping Mode" to be published in the proceedings of the
17th Annual Offshore Technology éonference, Houston, TX, May 6-9, 1985. A

copy of the paper is attached in Appendix B.

Failure Criteria for Sea Ice

Field observations of sea iée identation on offshore structures in. the
Arétic show that fracture processes are a major factor in ice-structure
interaction.

Fracture manifests itself in terms of tensile cracking and crushing in
compression. Numerical simulations of ice-structure interaction processes
in the crgeping mode of deformation have indicated that the ice sheet con—-
sists of three regimes of principal stresses and strains; i.e., compression-
cémpression, coﬁpression—tension, and tension-tension. The latter two
regimes occupy-a major fraction of the area of the continupm. Since ice is
weaker in tension than in cémpressién once cracks occur, accounting for the
diffe;ing behavigr of ice in tension may_help'to reduce (Qr limit) ice force
predictions significantly.

The uniaxial stress—strain—stréinfate material model developed for

ductile and strain-softening modes of deformation in sea ice has been ex~

tended to account for compression fracture and tensile cracking. The
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adequacy of ehe model has been demonstrated by comparison with experimental
data obtained under constant st;ainrate, creep, and constant stressrate
conditions. The model has been used to predict the occurrence of first
cracks.in ice under uniaxial compressive loading. .Tensile strains occur
under this loading condition as a result of the Poisson effect and/or
incompressibility condition. Once cracks occur, the material continues to
sustaih compressive load but losee its ability to carry tensile loads in the
transverse direction if applied. This is a realistic assumption and has
been used often in modeling concrete behavior. A limiting tensile strain
criterion dependent on the instantaneous strainrate in teneion has been used
to predict crack nucleation. The results for compressive creep compare very
well with tﬂé experimental data of Gold.

This research has been‘summarized in a paper entitled "Ductile to
Brittle Traneition in Sea Ice Under Uniaxial Loading" to be published in the
proceedings of the éth International Conference on Port and Ocean
Engineering under Arctic Conditions; Greenland, September 7-14, 1985. A

copy of the paper is attached in Appendix C.
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3. RESEARCH OBJECTIVES AND PLANS FOR NEXT YEAR

The proposed research area is broad and complex. A systematic approach
is being followed to address the overall research objectives during the
course 6f the current research project which spans a three;year term
commencing September 1984. The following discussion identifies specific

topics that will be receiving major attention in the next 12-18 months.

. A study of sea ice indentation in the creeping mode using a finite

element method of analysis to quantify the effect of material anisotropy

on ice loads: First-year columnar sea ice displays strong material

anisotropy in a direction perpendicular to the plane of the ice sheet. Ex-
periments have shown that the ratio of vertical to horizontal strength in
the ice sheet lies in the range 2-5 for a wide range of strain rates.
Plasticity type solutions based on approximate methods of analysis have
shown this to have significant influence on global ice forces. The objéc—
tives of the reséarch are to postulate a multiaxial power law creep model
accoﬁnting for material anisotropy (assuming transverse isotropy), to

calibrate it with available data, and to implement the model in the finite

-element analysis computer code DECNEC. A major effort will be required to

modify the current solution algorithm to incorporate this new material
model. The effect of material anisotropy on both global forcces and local
pressures will then be quantified through numerical simulations. The results

will be calibrated with those from approximate methods of analysis.

2. Development of a multiaxial constitutive model: A new constitutive

model for sea ice, appliéable to monotonic uniaxial loading in both com-

pression and tension, has been proposed and calibrated with experimental
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data. The stress-strain-strainrate behavior of sea ice has been modelled
accounting for strain softening and for fracture which manifests itself in
terms of tensile cracking and crushing.in compression. The model has been
used to predict first cracking in ice under uniaxial compressive loading
based on a limiting tensile strain criterion and the results have been
calibrated with experimental data available in the literature. However,
prior to implementing the model within a finite element analysis framework
to predict iée forces and pressures, it is necessary to extend the model to
account for unloading/reloading and multiaxial effects. This will be the
focus of a major research effort during the next several months. Among the
approaches that will be investigated to develop a general and unified con-
stitutive model that captures the important features of ice behavior are
the plaétic—fracturing theory and the endochronic theory, both of which
have been extensively investigated in recent years fo; somewhat similarb
applications in concrete. The modél will be calibrated with experimental
data for first year sea ice being generated at CRREL. The initial empﬁasis
will be on obtaining a constitutive model adeguate to charaéterize sea ice

indentation under plane stress conditions.

3. A study of sea ice indentation accounting for rate dependent and

fracturé'behavibr using a finite element method of analysis: The quanti-
fication of fractureAbehaQior requires two criteria, one for initiation and
the othef for propagation. Fracture initiation can often be well described
by a strain criterion. However, two alternativé approaches are available
to deséribe frécture propagation:  a tensile limi#ing strain or strength

criterion, and a fracture mechanics criterion based on a pre-existing

distribution of cracks in the continuum. The former approach for fracture
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propagation can be used to model fracture behavior in a material originally
in virgin (flawless) form.

In the case of load bearing systems such as structures, a fracture
mechanics criterion for cracking is conservative. However, in the case of

load transmitting systems such as ice features, a fracture mechanics app— -

roaéh may lead to unconservative results. In order to account for tensile
cracking and compressive fracture in ice and still be conservative in force
ana pressure predictions, a limiting strain or strength criterion>is pre-
ferable to the fracture mechanics approach. It is the former criterion that
we will be adopting for this project.

Several appréaches are available to account for cracking in a finite
element f;amework. TWo of the more common approaches are the discrete

cracking models which follow individual discrete cracks between elements and

the smeared cracking models which treat the.gross {smeared) effect of cracks
in an element. The latter approach has been preferred in finite element
analyses of concrete since it is computationally far ﬁore convenient, and
will be adopted in this project.

Smeéred crack models have one apparent diSadvantage;.the results are
sensitive to the size of the finite elements in the mesh. For ice~-structure
intefaétion in the presence of flaws, the coarser the mesh the moré con-

servative will the load prediction be. For fraction initiation and propaga-

tion in an initially flawless material (assumed here), the size problem can

‘be completely avoided, at least theoretically, if the element size is

identical to the size of the ice specimen for which the constitutive model
applies. A coarser mesh .will lead to conservative results. The degree of

conservatism can be assessed by progressively refining the mesh.
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A major research effort is being undertaken to (l)vextend the plane
stress finite element analysis computer code to incorporate smeared cracking
models, and (2) implehent the constitutive model in the program. The
influence of fracture on both global férces and local pressure will then be

guantified through numerical simulations.
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4. NOTABLE NON-TECHNICAL ACTIVITIES

-PUBLISHED OR SUBMITTED PAPERS

1. Ting, S-K., and Shyam Sunder,, S., "Sea Ice Indentation Accounting for
Strain~Rate Variation," Proceedings of the ASCE Speciality Conference:
ARCTIC '85 - Civil Engineering in the Arctic Offshore, San Francisco, CA,
March 25-27, 1985.

2. Chehayeb, F.S., Ting, 5-K., Shyam Sunder, S., and Connor, J.J., "Sea Ice
Indentation in the Creeping Mode,"” Proceedings of the 17th Annual
Offshore Technology Conference, Houston, TX, May 6-9, 1985, Paper to be
Simultaneously reviewed for publication in the Journal of Engineering
Mechanics, ASCE.

3. Shyam Sunder, S., and Ting, S-K.. "Ductile to Brittle Transition in Sea
Ice Under Uniaxial Loading," Proceedings of the 8th International
Conference on Port and Ocean Engineering Under Arctic Conditions,
Narssarssuaq, Greenland, September 6-13, 1985. Expanded version of paper
to be submitted for publication in Cold Regions Science and Technology.

SEMINARS AND TALKS

1. Both Professors S. Shyam Sundér and_Jerome J. Connor participated in the
Workshop on Breaking Proéess of Ice Plates held at M.I.T. on November
1-2, l1984. The title of their preseﬁtations are listed below:

a. Professor S. Shyam Sunder: Sea Ice Indentation Accbunting for
Strain-Rate Variation.
b. Professor Jerome J. Connor: ‘Numerical Simulation.of the Creep
'Mode in Ice—Struétufe Interaction.
Professor S. Shyam Sunder was invited to talk on the same topic at the
Qeekly seminar of the Constructed Facilities Division of the Department

of Civil Engineering at MIT on December 5, 1984.

.

2. Professor S. Shyam Sunder was invited to talk on "Sea Ice and Its
Mechanical Behavior" .at a series of seminars on Engineering in the Arctic

organized during MIT's Independent 2ctivities Period, January 1985.
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PROFESSIONAL ACTIVITIES

l . ’

Professor S. Shyam Sunder is a member of the Conference Committee for
ARCTIC '85 — Civil Engineering in the Arctic Offshore Speciality
Conference of the ASCE to be held in San Francisco, March 25-27, 1985.
He is also moderating a session on Probébilistic Methods in Arctic

Of fshore Engineering.

professor S. Shyam Sunder has been appointed éhairman of ASCE's
Subcommittee on Arctic and Frontier Regions. This subcommittee operates
under - the ASCE Strugturai Division's Committee on Reliability of Offshore
Structures.

Proﬁessor S. Shyam Sunder is a member of the ASCE TASK Committee_on
Reliability-Based Techniqugs for Designing Offshore Arctic Structufes
which is entrusted with tﬁe responsibility of producing a monograph
bearing the same name.

Professor S. Shyam Sunder attended the Arctic Energy Technologies
Workshop organized by the U.S. Department of Energy as part of a recently

initiated Arctic and Offshore Research Program. The workshop was held at

Morgantown, West Virginia, on November 14-15, 1984. He also participated

“ in the discussion group on Arctic Offshore Structures which had the task-

of defining'the state—-of-the-art, identifying technical issues, listing

research and development needs, and recommending topics for research

support by the U.S. DOE.
Professor S. Shyam Sunder participated in a workshop on "Northern
‘Research Needs in Civil Engineering” organized by the University of

Alaska, Fairbanks, in Seattle, WA, February 16-17, 1985. The wor kshop

was sponsored by the National Science Foundation to help formulate a five
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year plan for Arctic research under its mandate for implementing the
Arctic Research & Policy Act of 1984. Professor Shyam Sunder contributed
to the Committee on Offshore and Coastal Facilities, Design and
Construction.

6. DProfessor Jerome J. Connor is leading the organization of an
International Conference on Ice Technology (ITC '96) to be held at MIT,
June 10-12, 1986. An international Scientific Advisory Committee has
been set up with Professor Connor and Dr. C.A. Brebbia of Southampton
University, England, as Co-Chairmen. This conference will be sponsored
by the Center for Scientific Excellence in Offshore Engineering at MIT,
the Cent}e for Advanced Engineering Studies at the University of
Southampton, and the MIT Sea.Grant Program. Announcement and Preliminary

Invitation to the conference is expected to be mailed shortly.

EXPERIMENTAL DATA FROM U.S. ARMY CRREL

An‘informal agreement has been reached with the U.S.>Army Cold Regions
Research and Engineering Laboratory, Hanover, N.H., Group under the
leadership of Dr. Gordon Cox concerning our use of éxperimental da;a obtained
by them. Under this agreement we can have immediate accéss to all their
experimental data, although any publication by us of their data would in
general be dated after they have had an opportunity to publish the‘resulté

themselves.
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5. BUDGET

The total expenditure as of February 28, 1985 is $20,886.39. This
reflects expenditures for the six month period September 1, 1984 (the
requested project starting date) through the end of February.

Professor S. Shyam Sunder charged 10% of his salary to the project and
202 to the SOHIO account through January 31, 1985. From February 1, 1985 he
is charging 20% of his salary to the MMS account, and an equal amount to the
SOHIO account. Professor Jerome J. Connor is charging 10% of his salary to
the MMS account and 10% to the SOHIO accéunt. This is expected to remain
uncﬁangéd through May 31, 1985, i.e., the academic year.

Mr. S-K Ting and Mr. F.S. Chehayeb are full-time Research»Aésistants on
the project. During the Fall Térm their salary was charged to the SOHIO
account. During the Spring Term their salary is being charged to the MMS

"account. -



APPENDIX B

SEA ICE INDENTATION ACCOUNTING FOR STRAIN-RATE VARIATION

' . . . 2
Seng-Xiong T:Lng1 and S. Shyam Sunder , A.M., A.S.C.E.

November 1, 1984

To bé presented at the
A.S.C.E. Specialty Conference
ARCTIC '85 -~ Civil Engineering in the A;C£ic'bffshore :
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SEA ICE INDENTATION ACCOUNTING FOR STRAIN-RATE VARIATION
Seng-Kiong Ting1 and S. Shyam Sunderz, A.M., A.S.C.E.

ABSTRACT: Global and local indentation bressures in the creeping mode
of sea ice deformation are obtained,.accounting for the spatial
variation of strain-rates. Two approximate methods of analysis are
considered; the upper bound and strain path methods. Theoretically
postulated velocity fields required in the analysis are calibrated with
. field measurements. Sea ice behavior is described by a multi-axial
power-law creep model and by the multi-axial extension of a new uniaxial
model which accounts for both hardening and softening behavior. Results
are compared with previously published indentation formulas.

INTRODUCTION

» “Two levels of ice loading are typically considered in the design of
drilling and production platforms for the Arctic. Global ice pressures
- govern the overall structural geometry and dimensions as well as the
foundation design, while local bressures are likely to dictate wall
thicknesses and local framing,' and may well govern structural cost.
- Most of the emphasis on. ice force research has been on Predicting global
forces. Only during recent years, as the focus changed from overall
feasibility to preliminary and detaileg design, has the importance of
local pressures emerged. DPeak local pressures may be as high as three
times the average global pressure. It i1s widely recognized that uncer-
tainties exist in ice loag prediction models in use today and that in
some cases design loads may be overestimated by an order of magnitude.
Uncertainties in existing ice load models arise Primarily from four
sources: (i) incomplete modeling of the thermomechanical behavior of
sea ice, (ii) use of semi-empirical formulations, calibrated without
adequate regard for similitude modeling and scale effects, (iii) failure
to realistically model the contact forces at the ice-structure interface
and the presence of macrocracks, and (iv) not accounting for the finite-
ness of the environmental forces driving the ice features. Both appro- '
ximate analytical methods and more rigorous numerical models based on
‘the finite and boundary element methods of analysis can be used to study
‘ice~structure interaction at full scale with realistic models for '
material and interface behavior. '

'~ This paper employs two approximate methods of analysis, the upper
bound and strain path methods, to study the Preblem of sea ice inden-~
tation in the creeping mode of deformation, accounting for the spatial
variation of strain-rates. This is & problem of concern for artificial
islands in the Arctic nearshore region, where "break-out" and/or steady
-indentation conditions occurring in the winter form a basis for select-
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ing design ice loads. The key difference in the two analyses is that
point stresses within the continuum can be obtained with the strain path
method. As a result, local stresses at the ice-structure interface can
be estimated, unlike the upper bound method which only yields the global
pressure. However, both methods rely on an adeguate specification of
the velocity field in the ice sheet. This is obtained through a com-
bination of theoretical modeling based on fluid mechanics and field ice
movement survey data from an artificial island in the Beaufort Sea. 1In
particular, two theoretical kinematic models are considered: one k
resulting from the superposition of a point source and a uniform flow
(Kinematic Model A) that has been studied rreviously (3,9); and the
other from the superposition of a doublet and a uniform flow (Kinematic
Model B).

An important aspect of the analysis is the specification of the
mechanical behavior of sea ice. 1In order to provide continuity with
previous work, the isotropic, incompressible three-dimensional extension
of the uniaxial power-law creep model is studied. The predicted global
ice pressures are compared with those from previously published formulas
(1,8). Finally, a2 new uniaxial law that models the stress~strain-
strainrate behavior of sea ice, including its strain-softening behavior,
is presented. The Strength-strainrate relationship derived from this
new model is used to predict global ice pressures during indentation.

BOUND METHOD VERSUS STRAIN PATH METHOD

An upper bound (conservative) solution to a continuum mechanics
problem may be derived by relaxing the statical field equations and
~ boundary conditions, and using velocity fields that satisfy the kine-
- matic constraints for the problem. Applying the principle of virtual.
work and Drucker's convexity criterion, the upper bound estimate of the
global load for incompressibie materials may be obtained with (4):

J s;.&.avs [ 20" as+ ) ru. as (1)
ij i3 - i’i : i7i - :
v S Sy

- where Szj, Ezj and U; are the deviatoric stresses, strain-rates and
velocities obtained from an assumed kinematically admissible velocity
field. T; and U; are the actual surface tractions and velocities.

The upper bound method does not make use of the field equilibrium
equations. As such, point stresses in the continuum are unknown. Hill
(5) has suggestéd an approximate method by which octahedral (hydro-
static) stresses can be derived from deviatoric stress gradients using
the equilibrium equation. This idea was developed and first applied to
deep penetration problems in soil mechanics by Baligh (2), who called it
the strain path method. _ '

In applying the strain path method to the ice indentation probilenm,
the major assumption is that the strain and strain-rate field can be '
obtained from the kinematic conditions with no reference to constitutive
' relations, equilibrium equations, or statical boundary conditions. This
is an approximation and hence the derived stress field is approximate in
general. However, the method is computationally very attractive when
compared with a detailed “finite element analysis. In addition, the
me thod provides valuable insights to the indentation problem which is .
difficult to obtain from a burely numerical approach.




KINEMATIC MODELING OF ICE SHEET

Theoretical Kinematic Models.-- Kinematic Model A is shown in
Fig. 1. The streamline passing through the stagnation point defines the
bluff-body, i.e., the region where the oncoming sheet of ice cannot
enter. The streamfunction, ¥, and flow velocities, U_ and Ug, follow
from the theory of fluid mechanics and are given by: o

V=- Uy sin § - Uy a 8 (2)
-1 0¥ a '

Ur = ;—- TF = Uo cos B + Uo'; (3}

Y '

Ug = %z = - U_sin g | (4)

where U, is the uniform far field velocity. The bluff-body is described
by r=a(7-8)/sin ® with the half-width of the body at r=e equal to ya.
This model assumes that the normal velocity at the ice/bluff-body inter-
face is zero. Even If this is valid, the tangential contact between the
moving ice sheet and the half-body could in general be either friction-
free or possess finite frictional forces. This imposes a statical boun-
dary condition with which the chosen velocity field may or may not be
consistent. _ . .

Kinematic Model B is shown in Fig. 2. The bluff-body in this case
is a ccircle of radius, a. This represents flow past a cylindrical
indenter with contact at all points on the circumference. The stream-—
function and flow velocities are given by:

v U in a2 ’ o

. = Ursing+ U, 7 sing (5)
a2 : .

U = U [1 == ] cos g : o (6)

r © 2 R

r
a2 . . -

Ug= - U, [1+——2-}s:.ne _ | (7)

?ig. 1.¥;Kiné£é£ié Moéef.Am"  ' 'Fig. 2.--Kinematic Model B

Calibration with Field Ice Movement Data.-- The theoretical velocity
fields are calibrated with field ice movement data from an artifical .
island in the Beaufort Sea, obtained over a period of seven weeks during
peak winter ice formation. The surveys were carried out at the 39
stations at least once per day, although during high movement events the




surveys were made every 12 hours. The calibration is based on the
following three criteria: (a) streamfunction values for a particle at
the start and end of the observation period should be equal under steady
flow conditions; (b) the average movement rate measured should be
approximately equal to the average of the predicted velocities over the
observation period; and (c¢) the measured direction of movement must
equal the predicted bearing.

A careful analysis of the data shows that the ice movements down-
stream and directly at the back of the indenter are of the same order of
magnitude as on the upstream side prior to macrocracking, which was
observed to occur in a direction perpendicular to the fiow on the
downstream side. Thus Kinematic Model A which considers no flow within
the bluff-body cannot model field conditions prior to macrocracking. .
Nevertheless, both kinematic models predict relatively accurate
streamfunction values over their respective domains of applicability.
For Model A the errors vary from less than 1% to as much as 25%, even
when there is no macrocrack formation. For Model B, the errors are
generally less than 1% in all cases except the case with macrocrack
formation. The errors in velocity predictions are much higher for both
models. Some stations near the rubble Pile surrocunding the structure
are significantly in error due to an inadequate modeling of the structu-
ral geometry, e.g., choice of diameter D. In the cases affected by
macrocracking: (a) separate and large regions of the continuum are ade-
quately modeled by both velocity fields, (b) Model B is in general
better than Model A. Typical errors in the velocity are on the order of
5% to 10% if the above exceptions are taken into account. The errors in
bearing predictions are on the order of 5 to 10 degrees for Kinematic
Model B and larger for Model A. The discrepancies, where they are
larger, can be explained with arguments similar to that for velocities.

In summary: (a) Kinematic Model A does not adequately model the
_field data considered here; (b) Kinematic Model B provides a good
description of the measured flow field and can be used to explain the
observed macrocrackihg if tensile stresses develop on the downstream
side; (c) even after macrocracking, Model B accurately models the
upstream flow field; and (d) the transition from creeping behavior to
macrocracking occurs for velocities less than 1 ft/hr (85x10-6 m s-1),

ICE PRESSURES FOR POWER~-LAW CREEP MODEL

The isotrbpic, incompressible three-dimensional extension of the
uniaxial power-law creep leads to the following constitutive model:
5 o N .% o l.- 1 ’
o . N . : .
S;5=3 (— ) & &5 } (8)
. o . - .
where Sij and sij are the Geviatoric stress and strain-rate tensors,

respectively. The effective strain-rate is defined ‘as: .
1/2 ’

(9)
N is the power-law exponent; O, and €, are material constants derivable

from uniaxial testing of ice. The results presented in this paper are

based on the sea ice data of Wang (10).
The basic steps for evaluating stresses using the strain path method

are: (a) compute the strain-rate field by differentiating the veloci-



o hoaBapdieaeAs £t 2 4 T T e ¥ L Ul an s e T a e e -

frveus e i i s

ties with respect to the spatial coordinates, (b) evaluate the devia-
toric stress field using the constitutive equations, {(c) obtain octahe-
dral stresses by spatially integrating the equilibrium equations (the
octahedral stresses will in general be path dependent), and (d) estimate
the total stresses by summing the deviatoric and octahedral stresses.
Then, the local stresses at the ice-structure interface can be obtained
from the total stress field, while global pressures may be estimated
with the bound method and/or by integration of the local stress field.
The degree of approximation in the estimated stress field can be
assessed by comparing the octahedral stresses obtained by integration
along different (i.e., orthogonal) paths and by noting the error in
satisfying statical boundary conditions. Another way of making the
former comparison is to integrate along one path and to compare the
magnitude of fictitous body forces required for equilibrium in the
orthogonal direction with the stress gradients in that direction.

Ice Pressure Prediction.-- Results from the application of the upper
bound and strain path methods of analyszs to the chosen kinematic models
are presented below.

1. Kinematic Model A: The octahedral stress field for this
kinematic model is path independent and as such equilibrium is exactly
satisfied. 1In spite of this, the statical interface boundary conditions
may not be satisfied by the model. In addition, the following comments

can be made:

(i) the maximum strain-rate occurs at the ice/bluff-body
-~ interface at r=a, and is equal to Uy/a,
(ii) the stress field decays as r‘z/N, which for N=4 is l//r K
(iii) the stress field is axisymmetric, and
(iv) the octahedral stress is zero for a viscoelastic material
(N=1). : :

The global pressure can be estimated by the upper bound method,
assuming a frictionless ice/bluff-body interface. This is similar to
the case studied by Bruen and Vivatrat (3), and Eg. (1) reduces to:

P N f (st 2/ 2 % Y% |

e B [ ERG) VN 2 e o
. 3 0 : Y3 &

: o

‘A second approach to estimating the global pressure involves
1ntegration of the local stresses around the bluff-body, i. e.,

[}
a-

(9)

P =t [ (g cos o rde + 088 sin § dr) ‘ (10)

Using the equation for the bluff-body, Eg. (10) shows that P=0, unlike
the upper bound method. If the frictional forces predicted by the

strain- path method at the ice/bluff-body interface are included in the
upper bound method, that method also predicts zero pressure. Howeve-,
the bound theorems do not apply for the case of friction with relative
motion. The implications of this finding are more fully discussed for
Kinematic Model B. T : A ' '

2. Xinematic Model B: The octahedral stresses for this kinematic

model are path dependent, although for N=1 and N=3 the fictitious body
force is zero and equilibrium is satisfied ekactly. However, the sta-

‘tical interface boundary.conditions will in general not be satisfied.

In addition, the follow1ng comments can be made:
(i) the maximum strain-rate occurs at the ice-structure
interface, r=a, and is egual to 2Ug/a or 4Uy/D,



(ii) the stress field decays as r=3/N (not r-2/N as predicted
by Kinematic Model A), which for N=4 is r‘3/4,
(iii) the stress field is not axisymmetric, and
(iv) the octahedral stress is zero for a viscoelastic material.
The radial stresses downstream of the indenter are tensile and equal
in magnitude to the upstream compressive stresses, consistent with the
"material law. The tangential stresses behave similarly for typical
values of N, although their magnitudes could be less than half of the
" radial stresses. These are principal stresses at g¢=0. As such, it is
reasonable to expect a macrocrack formation on the downstream side of
the indenter. This is indeed borne out by the field ice movement data.
The global pressure can be estimated using the bound method,
assuming either a frictionless interface or an interface with frictional
stresses predicted by the strain path method. (The method does not '
strictly apply for the latter case.) The respectlve expressions, derived
from Eq. (1) for D=2a, are:-
No friction

N -
g —
8 L= —2U°1 N (11)
Dt —-/3 N+3 /5 & D
_ o
With friction
P - N-1 e ° 2w '% '
—_— < /'rr - ° °
el sl = — 1! (12)
. 3 £ ;
o

The ratio of Eg. (11) to Eg. (12) is 4N/3(N-1), which varies between 1.8
and 2.2 for 2.5<N<4. Intuitively, interface friction should increase
indentation pressures. However, both kinematic models studied here
predict a significant decrease in pressure. This is because they are
derived from considerations for ideal, non-viscous fluids and as such do
not correctly model interface conditions. Even if more exact velocity
fields can be postulated theoretically, the available field data. does
not provide adequate resolution of the ice movements in the immediate
vicinity of the structure to calibrate the kinematic models.

Integration of the local stresses around the bluff-body yields
another estimate of global pressure accounting for the frictional
stresses of the strain path method:

N 1 .
o oy —~
P ul 4 - -
s — e = 2 2T (13)
273 /3 & :

Both Egs. (12) and (13) predict zero pressure for a viscoelastic
~material. Furthermore, the ratio of the upper bound method to Eq. (13)
is 6/(N+3), which varies between 0.86 and 1.09 for 2. 5<N<4.

For the artificial island considered in this paper " the maximum’
.Strain~rate just prior to macrocracking is on the order of 10-6 s~1 or
less. The peak local tangential stresses are on the order of 80 psi
(0.55 MPa), the peak local radial stresses are on the order of 320 psi
(2.2 MPa). The radial stresses are compressive upstream of the indenter
and tensile on the downstream side, and are distributed in a cosinusoi-
dal fashion. The typical order of magnitude value for the global pres-
sure obtained with Eg. (13) is about 350 psi (2.4 MPa). A key inference
here is that the local and global pressures are on the same order of
‘magnitude. If instead Eq. (11) is used to estimate the global pressure,
the peak local pressure becomes approximately half the global pressure.



Table 1.--Comparison of Average Global Pressures for Power-Law
Creep with N=4 and Average Strain-Rate of Uo/2D

'~ Model Constraints [ !
APT _ Plane Strain 4.12 i
Plane Stress 3.13 ’

Ponter et al. (1983)| Flame Strain 3.64 l
Plane Stress 1.85 i

Model A D = 2Ta 3.22 ’
D = 2a 7.60 ,

Model B ’ 7.22 ’

Comparison with Other Ice Pressure Formulas.-- Average global
pPressures during sea ice indentation can be estimated using any one of
the many predictive models available in the literature. In this study,
the global pressures predicted by Kinematic Models A and B, neglecting
interface frictional stresses, are compared with the models of API (1)
and Ponter et al. (8). The general form of all these models is given
_ by:

A%? = ¢ d(éa)_ . L aa

where ¢ is a constant depending in general on N, and O(€,;) is the
uniaxial strength of ice evaluated at some average strain-rate,
€2=Uo/(¢¥D) with ¥ being a second constant.. In order to compare the -
various formulations, $¥ is assumed equal to two as suggested by API (1)
and the comparison can therefore be based on the parameter ¢. f

The values of ¢ predicted by the four formulations for a power-law
creep model with N=4 is given in Table 1. 2t first glance the numbers
seem highly scattered, varying from 1.85 to 7.60. However, there are
‘important differences among the models. The first two formulations '
apply for a flat indenter with ice pressures being allowed to Gevelop
only on the upstream side. For the APT model, the sea ice is assumed
columnar and the contact factor is set to one. 1In Ponter.et al.'s
model, a correction factor of 1.1 is applied to ¢ to make results con-
sistent with N=4. 1In Kinematic Model A, the problem geometry (Fig. 1)
is different from the other models and the. choice of indenter diameter
is subjective. If the indenter diameter is chosen as 2qa, ¢ is about
42% of that for D=2a. In the former case the indenter is located far
avay (rsw) from the tip of the bluff-body with the region in between
consisting of inert ice, while in the latter case the indenter is _
located at the tip of the bluff-body with the inert region downstream of
. the indenter. Field data on deformation patterns considered here
indicate that both assumptions may be unrealistic. The ¢ factor for
Model B is based on a ciicula: indenter with compressive and tensile
stresses on the upstream and downstream sides respectively. This is
- more representative of actual field conditions prior to breakout.’

If the API and Ponter et al. models are extended to account for
downstream tensile stresses, the ¢ factors would rrobably be twice as
much since for the problem and material model considered {a) tensile and
compressive strengths are equal, and (b) stress levels are equal but
opposite in sign on the upstream and downstream sides. Then, ¢ for the
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API model would vary between 6.3 and B.2 while for Ponter et al.'s it
would vary between 3.7 and 7.3. For the artificial island considered
earlier and other typical artificial islands with D/t>20, the behavior
is closer to a plane stress condition. Both Model B and the API model
tend to predict similar global pressures under this scenario.

ICE PRESSURES FOR NEW UNIAXIAL MODEL

The uniaxial behavior of sea ice has often been idealized with the
power-law creep formulation. This model relates the strength of ice to
the strain-rate, and as such is an incomplete description of the stress-~
strain-strainrate characteristics of the material. Several investi-
gators have proposed more complete uniaxial models, some empirical in
nature, that seem to be able to reproduce the post-peak decrease of
stress in ice under constant strain-rate conditions. However, most of
these models have not been fit to any specific data on sea ice. 1In
addition, since they represent behavior only under constant strain-rate
conditions, it is difficult to extend the models to other loading
conditions such as constant stress (creep) and stress-rates.

A phenomenclogical approach based on simple thermorheological models
is used here to develop a new uniaxial model, which is then calibrated
with the sea ice data of Wang (10). This model applies equally well for
constant stress-rate and creep conditions. In addition, under constant
strain-rate conditions the strain at peak stress is a function of the
strain-rate. The strength-strainrate relationship derived from the new’
uniaxial model is extended for multi-axial stress states and then
applied to obtain indentation pressures.

New Uniaxial Constitutive Model.-e The new uniaxial constitutive
model is based on the concept that the strength of an ice specimen is
affected simultaneously by work or strain hardening and work softening
or recovery. The latter phenomenon may occur due to recrystallization
or micro-voids formation. This concept was used by Orowan (7) for.

examining steady state creep, and may be expressed as:

8¢ 30 : 8o’ . ‘ :

where h=30/9€ is the coefficient of work hardening and r=-30/3t is the

rate of recovery. The parameter h is generally modelled as (6):

_h = A ¢l/N exp (-me) . ' o (16) .

where Q is the activation energy and R is the universal gas constant; A,
N and M are the parameters of the equation. Due to.a lack of general
models for work softening, it is assumed here - that the form is similar .
to that for work harden;ng. .

r=38 El/K exp (-LE) . - (17)_

with B, K and L being the parameters of the equation.: Substituting Egs.
(16) and (17) into Eg. (15) yields after integration (assuming € and T
are constant with €=t and O=0 at t=0): .

B '1/K 1{
L

1-exp [CL (18)

0’- = [-ﬁ- ;;1/#{1_&.;:? (_Me)}.
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Fig. 3.--Stress-Strain Curves for Constant Strain-Rate Using New Model

The parameters of Eq. (18) obtained from Wang's (10) experimental data
are: A=114025 MPa s1/3, B=217408 MPa s2/3, M=1411.2, 1=430, N=3 and
K=0.6. The stress-strain plots for the new model are shown in Fig. 3.
The two plots of the stress-strain behavior for €=1O’3 s=1 shown in
Ref. 10 are vastly different, one shows strain softening behavior with
resultant residual strength, while in the -other the stress reduces to
" zero very sharply for strains exceeding the peak stress. The new model
(Fig. 3) reflects this behavior for strain-rates of 10-2 - 10=3 s=1, ]
suggesting - that the stress-strain behavior is very sensitive to strain-
rate in thls region.

Ice Pressure Prediction.-— The uniaxial model developed here relates
the stress to strain and strain-rate.  The strength-strainrate relation-
ship derived from the model is extended for multi-axial stress states -
under the assumptions of isotropy and incompressibility made earlier for -
the power-law creep model. These assumptions are reasonable for the
strain-rates of interest in this paper. Ice pressures obtained with
this model can then be compared with the results for the power-law creep
model. A general analysis strategy to incorporate the effect of strain
" and temperature is currently under development.

The strength-strainrate relationship for the new uniax1al model is
plotted in Fig. 4 and compared with the power-law creep model. Notice
that the new model predicts lower strength at strain-rates less than
. 10-5 5‘1, consistent with experimental data which suggests that the
effective power-law‘exponeht is an increasing function of strain-rate.

The new constitutive model can be viewed as the superpositidn of
three power-law models of the type considered in the previous section
and as such the local pressures will be distributed similarly. A
typical order of magnitude global pressure for the artificial island
considered here, based.on Kinematic Model B and Eqg. (13), 1is about 250
psi (1.7 MPa). This is only 70% of the pressure predicted by the '
power-law creep model. The 30% reduction in pressure is significant,
although this reduces to approximately 10% when using Eg. (11). The
pressure in the latter case is about 480 psi (3.3 Mpa).
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CONCLUSIONS

This study of global and local indentation Pressures in the-
creeping mode of sea ice deformation, accounting for the spatial _
variation of strain-rates, leads to the following specific conclusions: -

’ 1 .

2.

Kinematic Model B better models the ice movement survey data

"obtained from an artificial island in the Beaufort Sea than

Kinematic Model A.

In the creeping mode of ice deformatlon, the local ice pressures
are of the same order of magnitude as or lower than the global
pressures. Even 1f the global pressures are reduced, e. g., by a
factor of three, to account for scale {fracturing) effects, the
local pressures based on the strazin path method will only be 1.5
(and not three) times the upper bound global pressure neglecting
interface friction.

Under essentially plane stress conditions, Kinematic Model B and
the API model (1) predict similar global pressures. For a.
typical artificial island just prior to break-out with ice
movements of less than 1 ft/hr (85x10-6 n. s=1), Mode1l B predicts
a pressure - (neglecting interface frlction) of approximately 530
psi (3.7 MPa).

The constitutive law based on the new uniaxial model predicts

.global pressures that are lower than that from the

power-law creep model. For a typical artificial island, this
reduction can be as much as 10-30 percent.

A key finding of this work is that for the rate-dependent material
models describing sea ice behavior, interface adfreeze and friction
Stresses may significantly influence both local and global ice
pressures. This has major economic consequences for platform . -design.
Incorporation of these "hon-conservative" stresses within the bound
method may yield more accurate global ice Pressures, but the solutions
will not necessarily be upper bounds. More exact estimates of both
local and global ice pressures using the strain path method may be '



obtained by postulating kinematic models that more correctly model the

~ interface conditions. However, currently available field data does not
provide adequate resolution of the ice movements in the immediate
vicinity of the structure to calibrate such models. In conclusion, it
appears that the development of numerical models based on the finite and
boundary element methods of analysis is necessary for more realistically
studying ice-structure interaction problems where both global and local
pressures are of interest.
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| ABSTRACT

A finite element method of analysis is developed
and applied to the study of global and local pressures
generated on a c¢ylindrical indenter during sea ice
deformations in the creeping mode. Numerical simula-
tions are performed under plane stress conditions to
assess the influence of interface adfreeze and fric-
tion, material constants for a multi-axial power-law
creep model, indenter diameter, and ice sheet velocity
on predicted pressures. The results are compared
with those based on approximate methods of analysis.
Stress, strainrate and strain contours are obtained in
addition to the distribution of interface pressures.

INTRODUCTION

Extraction of hydrocarbons from the Arctic off-
|shore requires the design of drilling and production
platforms to withstand loading generated by perennial
ice features. Two levels of loading are typically
considered; Global ice forces goverﬂ the overall
structural geometry and dimensions as well as the
foundation design while local. pressures are likely to
dictate wall thicknesses and local framing, and may
well govern structural cost.

The interaction of an ice sheet with a vertically
faced (and usually rigid) indenter is an important
loading condition for cylindrical structures and for
conical structures with grounded rubble pile or
accreted ice foot. . In general, this indentation
phenomenon is characterized by the simultaneous
occurrence of viscous (rate-dependent) and fracture
behav;or,

7 .

Several theoretical models based on approximate
methods of analysis that idealize the ice sheet as a
continuum have been proposed for predicting global ice
forces. These include: (1) the upper and lower
bound, plasticity type solutions of Michel_and
Toussaint Croasdale et al.”, and Ralston {2) the
reference stress, power law creep solution of Ponter
et al.” , and (3) the upper bound, power law creep
solutions of Bruen, Vivatrat and Chen”: , and Ting and
Shyam Sunder The plasticity type models require
empirical definition of an average strain rate measure

Relferences and illustrations at ena ol paper.

to account for the viscous behavior of ice, the
reference stress approach accounts for the effect of
variability in material constants in an approximate
sense, and the upper bound, power law creep solutions
require accurate specification of ice sheet
kinematics. No.equivalent theoretical models exist
for the case where either pure (linear elastic)
fracture or combined viscous and fracture effects
dominate.

Theoretical predictions of interface pressures
are not generally available., However, Ting and Shyam
Sunder’ have applied the (approximate)} strain path
method of analysis, originally developed for deeg
penetration problems in soil mechanics by Baligh
to study- interface pressures during plane strain
indentation. Their results for a power law creep
model of ice showed that normal interface pressures
may be 0.5~1 times the global pressure. They also
found that interface adfreeze and friction stresses
can significantly influence ice pressures.

The "continuum" predictions of ice pressures may
in many cases be too high by a factor of 2-10., Four
major factors can explain this uncertainty: ' (i)
incomplete modeling of the mechanical behavior of ice,
including temperature and fracture effects, (ii)
empiricism in the theoretical models resulting from
the use of approximate analysis methods, (iii)
inadequate modeling of contact forces at the ice-
structure interface, and (iv) 1gno*1ng the e‘fects of
size on material strength.

A study of 1ce indentation in the creeping mode
is important for two reasons: (a) creep is the pre=-
dominant mode of deformation for artificial islands in
the Arctic nearshore region during "breakout"™ and/or
steady indentation conditions occurring in the winter,
and (b) stresses, strains, and strainrates within the
continuum resulting from creep are necessary to pre-
dict the initiation and possibly even the propagation
of cracks when .viscous effects influence fracture
behavior. 1In a recent paper, Shyam Sunder and Ting
have shown that a limiting tensile strain criterion
dependent on the instantaneous strainrate can explain
crack initiation in ice. TFurthermore, for load

transmitting systems such as ice features (as opposed

to load bearing structural systems) the use of this
criterion for Zfracture propagation is likely to be
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lconservative when compared to a classical fracture
mechanics approach. This is because the latter
considers only the propagation of pre-existing cracks
with a given distribution of sizes, while the former
may be used to predict both the initiation and
propagation of cracks in a material originally in
virgin (flawless) form.

This paper is concerned with the development and
application of a finite element method of analysis for
studying global and local pressures generated on a
rigid, cylindrical indenter during sea ice deforma-
tions in the creeping mode. Numerical simulations are
performed under plane stress conditions to assess the
influence of interface adfreeze and friction, material
constants for a multi-axial power law creep model,
indenter diameter, and ice sheet velocity on predicted
pressures. The results are compared with those based
on approximate methods of analysis. Stress, strain-
rate, and strain contours are obtained in addition to
the distribution of interface pressures.

FINITE ELEMENT FORMULATION

Governing Eguations.--~ For general viscoplastic
behavior, which includes creep, it is convenient to
work with time derivatives of the governing equations.
for a solid. The weighted equilibrium-rate equation
which forms the basis for the finite element displace-~
ment method is then given by:

[T sav=32 (1)

where B is the strainrate - nodal velocity transfor-
mation matrix derived from the chosen displacement
expansion for the finite element, i.e.,

E=31 - L @)

The strainrate vector consists of two components,
one due to elastic strains, characterized by the com-
pliance matrix £ and its inverse the rigidity matrix
ID, and the other due to lnelastlc (lrrecoverable)
strains.

where I refers to the inelastic strains., For linearly
elastic behavior, the compliance and rigidity matrices
do not vary in time. The inelastic component may con-
sist of rate-independent plastic strains, permanent.
creep (nonlinear viscoelastic) strains, and/or visco-
plastic strains. In general, this may be expressed
as: - -

-

Er = £(9,5,6,m) (4)
where T allows for temperature dependence{

Combining Egs. (1)={3) and defining X as the
elastic stiffness matrix of the element 1eads to the

element equilibrium eguation:

=£+I§T2_E_idv s (5)

s

5

and the element stressrate - nodal velocity relations:

la:

-0 & (6)

les.

=23

The global stiffness matrix, Kz, is obtained from Eqg.
(5) using conventional procedures.

Material Modeling.-- In this paper, sea ice is
treated as a linearly elastic plus creeping material.
Thus, X is the element stiffness matrix usually
employed in linear elastic analyses. Under uniaxial
(compressive) loading conditions, creep in ice is
generally expressed in terms of a power law'’, i.e.,

Ec = g oN (7)
where a and N are constants with the temperature
dependence being included in the parameter a following
an Arrhenius activation energy law.

The multi-axial ?enerallzatlon of the creep law
as proposed by Palmer is based on assuming incom-
pressibility, which is valid for ice as long as the
hydrostatic stress is not too high such as under plane
stress conditions, It suffices then to relate the
creep strainrate tensor to the deviatoric stress
tensor. This is accomplished by assuming that the two
tensors are directly proportional to one another as
given by the associative flow rule:

where A is a scalar parameter and S is a vector
containing the deviatoric stresses. For a von Mises
(isotropic) yielding surface, A is the ratio of the
octahedral shear strainrate to the octahedral shear
stress. For the uniaxial power law given in. Egq. (7),
it follows that: '

A= 3/2 a0 N1 : (9)
with the effective Stresshmeasure de defined as:

% = (3/2 534534)1/2 (10)

* Given the stress vector, the deviatoric stresses
may be.obtained by subtracting the hydrostatic stress,
i.e., S5=GU in matrix form. Then applying Egs. (10),
(%), and (! (8) in succession leads to the creep
strainrate vector.

Solution Algorithm.-- An iterative solution
algorithm is developed to solve a pseudo-force form of
the nonlinear governing equations given in Egs. (5)
and (6). Although the algorithm has been applied to
the specific material model presented above, it can be
easily generalized to account for material anisotropy
and for cracking based on the limiting tensile strain
criterion. For purposes of discussion, attention is
focussed at the element rather than the global level.
At first the governing eguations are integrated in
time between tj and tj;q to yield:

K(Us41-00)=Rigq-By+ [ BTD(Ec y4i-Fc,0) &V (1)

S3+41=8: = D BlUi41-U3)-D(Ec,i41-5c, 1) (12)

Creep strains which appear in both the eguations
are nonlinear functions of stress since A in Eqg. (8)
is not a constant. A two-level interative algorithm
is used to solve these equations for each new time
step ti+1~. The key steps in the solution algorlthm
are as follows:

1. Compute the displacement increments from (the
‘global form of) Eq. (11) for the given load-
ing vector. In the first iteration on the
equation, the incremental creep strains are
assumed to be zero.
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d 2., .Compute the incremental stresses and incre-
mental creep strains from Eg. (12) for the
displacement increments obtained in step 1
using the iterative algorithm (lower-level
iteration in k) discussed below. In the
first iteration on this equation assume the

incremental creep strains to be zero.

3. Return to step 1 and iterate on Eg. (11)
(higher-level iteration in j) using the
incremental creep strains obtained in step 2
until convergence is achieved. Two cover-
gence criteria are used: (a) ratio of norm
of displacement increment vector to norm of
displacement vector at given time step is
less~than-or-equal-to 0.001; and (b) absolute
value of energy norm is less-than-or-equal-to
0.001, i.e.,

’ Ap3 o égj

< 0.001 (13)
% ap%e &° } .

where AP refers to the entire right hand side
of Eqg. (11). The evaluation of the integral
defining the inelastic load vector is based
on a Gaussian quadrature formula (for a four-
noded quadrilateral element, four integration
points are used). Typically, 4-6 iterations
are reguired for convergence at the higher-
level. '

The evaluation of the incremental stresses and
incremental creep strains in step 2 requires the
simultaneous consideration of Egs. (12) and (8). 1In
addition to a nonlinear eguation solver, a numerical
time integrator is needed to obtain results. Previous
investigators ’ have used a simple successive
substitution type algorithm to decouple the two
equations. This involves the use of incremental creep
strains from iteration k to evaluate the incremental
stresses for iteration k+1 using Eg. (12). The
incremental creep strains for iteration k+! are then
evaluated with the S-method of numerical time
integration which expresses Eg. (8) as:

(fi,i+1 -

Ee,i) = AG.EGA(ti+1 = i) (14)
where Sqg is a weighted average of the deviatoric
stress vector in the time interval (tjiq - t3) and Ag
is dexived from a similar weighting on the -effective
stress, i.e.,

Sa = (1-0) 55 + @ Siuq (15)
Typical values of © lie in the range 0-1. A
value of @ equal to zero yields the forward (explicit)
Euler method, while & egual to one yieldsithe backward
(implicit) Euler method. Both these formulas are
first-order accurate (for linear problems in which X
is a constant, and not dependent on the effective
stress), although the actual error of the _.backward
formula is considerably less than that of the forward
formula assuming that the former is iterated up to
convergence., A value of @ equal to 0.5 yields the
well-known trapezoidal rule, alsoc called the improved
Euler's method since it is second-order accurate. A
linear stability analysis of the G-method shows that
it is unconditionally stable only for 930.5.

For quasi-elastic problems in which creep defor-

mations are not dominant, experience has shown that
for small time increments @=0.,5 is more accurate, and
that for large time increments G=1 is to be preferred.
However for creep dominant problems of concern here,
the convergence rate slows down considerably for
highly stressed elements when G=1 is used, and more
than 10-12 iterations may be needed for convergence at
the lower-level. This is computationally unattractive
since iteration is necessary at each integration point
within an element (four in the case of a quadrilateral
element]) and highly stressed elements may occur often
in a large finite element grid, e.g., consisting 250
elements. '

Convergence is accelerated here by developing a
lower-level algorithm that combines a Newton-Raphson
or tangent type iteration with the Q-method. The
resulting equations are listed below:

3se k }
~C +1 k
+2og=] o) - o v pletw - o]
BQEC k
+2[~5_3;-1—] L (16)

where qgck>is.obtained by applying Eq. (14) after
obtaining the stress quantities at iteration k, and
similiarly: ’

dac  k 3 -1 3A X
["53:2—] = At G[AI +3 0' WE_S_T} (17)
—i+1 ) e

For the given material model, 3A/30, can be -obtained
from Eq. (9). Notice that the algorithm becomes
explicit for =0 as it should and no iteration is
required. Convergence is defined to occur when the
maximum absolute value of the relative change in point
stresses between iteration k and k+1 is less-than-or-
equal-to 0.001. 1Iteration is also stopped if the
actual point stresses are zero at k and their maximum
absolute value is less-than-or-equal-to 0.0071 at k+1.
Application of this jiterative scheme with G=1 shows
that convergence is typically obtained in 4 iterations
instead of more than 10-12, thereby cutting down the
computatlonal effort by approximately 50% if the
increased computational effort per iteration is
accounted for. i ’

Computer Implementation.-- The finite element
analysis algorithm has been implemented in a computer
code called DECNEC (Discrete Element Computational -
NEtwork Contreoller). Data input is simplified by the
use of a pre-processor specially written for the pro-
gram. A post-processor called ORION, originally
developed at the Lawrence lLivermore laboratory, can
produce graphical display of stress, strain, and
strainrate contours as well as interface pressure’

distributions.

The current implementation is a two-dimensional
version for plane stress problems, while the develop~-
ment of a plane strain version is underway. A four=-
noded quadrilateral element is currently available.
Although an eight-noded qﬁadratic element is often
preferred (and will be included in the .future), accu-
rate results can and have been obtained with the four-
noded element using a finer finite element mesh. The
program has the ability to simulate a free or fric-
tional contact between two deformable bodies, i.e., no

contact stresses due to adfreeze bond, by defining the
interface as a "slideline". :
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: Code Verification.-~ The accuracy of the com-
puter code has been verified in two ways; through the
solution of simple test problems, and by comparing
(see subsequent section) the variability in predicted
global pressures due to indenter diameter, material
model parameters, and ice sheet velocity with that
predicted by approximate methods of analysis. 1In both
cases, the numerical solutions are accurate to within
specified tolerances typically achievable in finite
element analyses.

One of the test problems, for example, considers
a two-dimensional rectangular element subjected to a
uniform compressive stress (0, = =0) normal to one of
its sides and with normal movement constrained on the
other three sides (Fig. 1). A simple analysis shows
that for the given material model, the lateral stress
(Uy) is given by:

1]

where V is the Poisson‘'s ratio and E is the Young's
modulus. This solution is valid for a constant value
of A, which in an average sense may be defined as its
value at steady state. Under steady state conditions,
i.e., large t, Eq. (18) shows that the lateral stress
is compressive and equal to half the z-stress. Fur-
thermore, the z-strainrate is the creep strainrate and
equals -1/2 A0 while the lateral strainrate is zero as
it should be for the given boundary conditions.
Application of DECNEC using two finite elements veri-
fied this analysis. :

O, = =0,/2 [(1_2v)e-2/3Elt - (18)

¥y

NUMERICAL SIMULATIONS

Description of Case Studies.-~ Numerical simula-
tions are performed for the seven cases identified in
Table 1.. The objectives of the first three simula-
tions are to quantify the effect of interface adfreeze
and friction on predicted indentation pressures. The

the ice~structure interface is considered to be -
infinitely strong. The free condition corresponds to
no adfreeze bond and interface friction, while the
roller condition provides an intermediate solution.
The next two simulations study the influence of ice
sheet velocity on pressures. The chosen base velocity
of 0.195 m/hr corresponds to the recorded maximum
average velocity over a twelve-hour period just prior
to "breakout" (macrocracking) for an artificial island
in the Beaufort Sea. The sixth simulation attempts to
quantify the effect of a grounded rubble pile or an
accreted ice foot on ice pressures by defining a
larger effective indenter diameter (2.85 times the )
structural diameter). The final simulation studies
the effect of variability in constants defining the
material model on ice pressures. Two sets of para-
meters fTE sea ice based on the work of s§nderson1

and Wang' =, respectively, are considered: . N=3,
a=2.125x10"6 (MPa)=3s5-1; and N=4, a=1.848x10-6 (Mpa)~
4s~1. The elastic constants, which have negligible
influence on the steady state solutions, are taken to
be E=9.5 GPa and V=0.3. : ; '

Numerical Implementation,-- Prior to carrying.
out the above studies, it is necessary to set up the
finite element mesh, specify a time increment for the
analysis, and define the excitation.

_ The finite element mesh is defined such that (i)
the aspect ratio of each element is as close to one as

possible, (ii) the scatter in stresses predicted by
adjacent elements at their commmon boundary is less

fixed condition provides an upper bound solution since

A

than 10%, and (iii) the boundary of the ice sheet is a
circle whose extent is sufficient to simulate the
infinite medium. The first criterion is maintained by
the pre-processor which makes the radial length of
each element equal to its arc length nearer the inden-
ter. The second criterion is controlled by specifying
the number of radial segments into which a quarter-
plane may be divided. A value of nine is considered
here (for an eight-noded element five or six may
suffice). The last criterion is also implemented by
the pre-processor which makes the radius of the cir-
cular boundary equal to 9.5 times the indenter radius.
Accounting for symmetry about the z-axis, the above
discretization leads to a finite element mesh with 252
elements and 285 nodal points (Fig. 2). The number of
degrees-of-freedom is 476 for the fixed condition, 538
for the roller condition, and 540 for the free condi-
tion. '

.

The choice of time increment is made to satisfy
the conflicting requirements of accuracy and computa~-
tional effort. Accuracy, in turn, is achieved by
allowing sufficient time for the solution to reach
steady state and by specifying a time increment that
captures the variability in response prior to reaching
steady state. Experience with the simulations has
shown that it is appropriate to consider a time incre-
ment which makes the exponent in Eg. (18) equal to 40
in 20 time steps. For typical values of A and E, the
time increment is approximately 100 s.

The chosen uniform far-~field velocity listed in
Table 1 defines the excitation here, although other
types of excitation such as environmental traction on
the ice sheet can be handled equally well. For a
given. time step, the excitation is defined in terms of
an imposed displacement in the z-direction at the
far-field boundary nodes., This displacement value is
made to. increase linearly in time, consistent with the
chosen uniform velocity. :

DISCUSSION OF RESULTS

' global pressures by almost a half.

. Global Forces.-- Table-2 lists the global-
Pressures predicted by the finite element analysis for
the seven cases of interest. Pressure values are the
global forces divided by the indenter diameter D, and
ice sheet thickness t. N ’

Comparing the first three values of global
pressure it is seen that ‘the fixed condition does
provide an upper bound solution. The global pressure
for the fixed case is about 28% higher than that for
the roller case. 1In turn, the global pressure for the
roller case is 1.93 or almost twice that for the free
case. This spread in global pressures is indicative
of the influence of interface friction and adfreeze
bond. The hundred percent reduction in pressure
between the roller and free case can be explained by
examining the stresses within the ice sheet. For the
roller case, the upstream and downstream stresses are
equal in magnitude and their resultants act together
in the z-direction. 1In the free case, the downstream
stresses are almost zero since the lack of contact at
the interface on this side tends to eliminate any
influence of the indenter on the ice sheet. 2as a
result, the downstream part of the ice sheet acts
predominantly like a rigid body. This tends to reduce

The fourth and fifth values of global pressure

indicate that reducing the ice sheet velocity by a
factor of 6.4 leads to a 46% reduction in pressures
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a factor of 1.6 leads
Thus even a factor of
affect the pressures

while jincreasing the velocity by
to a 17% increase in pressures.
two uncertainty in velocity will
only by about 20-30%.

Cases 2 and 6 provide some idea of the effect of
a grounded rubble pile or an accreted ice foot. By
defining an effective indenter diameter equal to 2.85
times the structural diameter, the global pressure has
reduced by 31%. However, the global force has
actually increased by 97% from 211 MN/{(unit ice thick-
ness} for case 2. Two extreme scenarios can be con-
sidered to estimate the global force felt by the
structure when there is a grounded rubble pile: (i)
the entire global force is transmitted to the struc-
ture which in turn transmits it to the foundation, and
(ii) both the structure and the grounded rubble pile
resist the global force, each transmitting to the
foundation a force proportional to its contact area
with the foundation. Under the first scenario, which
is probably overconservative, the global force on the
structure is 414 MN/(unit ice thickness) an increase
of 97% from case 2. Under the second scenario, which
may be reasonable only if the rubble pile is consoli-
dated and grounded firmly in the foundation soil such
as in the case of constructed ice packs, the global
force on the structure is 51 MN/{unit ice thickness) a
reduction of 76% from case 2. Further research is
necessary to quantify the level of force that can be
directly transmitted to the foundation by a grounded
rubble pile.

The last case shows that the two sets of material
constants considered in this paper lead to ice pres-
sures which differ by about 19%. Combining this
information with earlier experience indicates that
uncertainties in material constants for an isotropic
power law creep model may yield ice pressures that
vary by about 15-30%. However, improved material
models that include fracture and temperature effects
in addition to the transversely isotropic behavior of
sheet ice can have a major influence on ice pressure
predictions.

Calibration with Approximate Solutions.—- The
global pressures for cases 4 through 7 indicate the
influence of ice sheet velocity V, indenter diameter
D, and material constants a and N on the results, 1In
order to provide perspective and calibration with SO~
lutions based on approximate methods of analysis, the

ponding to a two-dimensional velocity field obtained
by superposing a uniform flow and a doublet, is con-
sidered. The resulting kinematic model resembles the
flow of an infinite ice sheet past a circular indenter
with the interface matching most the roller condition.
According to the solution, the global pressure is pro-
portional to {V/D)V/N, 1If this variation is valid,

case 2 should be 0.54, 1.16 and 0.70, respectively.
The finite element analysis predicts the ratios to be
0.54, 1.17 and 0.69. For the two sets of material
constants in cases 7 and 2, the approximate solution
predicts a ratic of 1.17 while the finite element
analysis predicts a ratio of 1.19. .In all cases, the
effect of changes in V, D, a and N on the finite
element solutions is almost identical to that predic-
ted by the upper bound, creep law solution.

"In order to compare the actual (as opposed to
ratios of) global pressures, it is necessary to
recognize that the two-dimensional nature of the

chosen kinematic field makes the approximate analvsis

upper bound solution of Ting and Shyam Sunder’ corres-~

the ratio onglobal'pressures in cases 4 through 6 to .

strain condition and
Ponter et al.'s

strictly correspond to a plane
not a plane stress condition.
analysis for both plane strain and plane stress based
on the reference stress method can be used to derive a
correction factor by which to divide the approximate
solution for applying it under plane stress condi-
tions. For the material model with N=3 the correction
factor is 1.8 and for the N=4 model it is 1.96. The
approximate formula corrected by a rounded factor of 2
is given below:

(19)

where the quantity in brackets raised to the power of
1/N may be interpreted as the uniaxial strength of ice
evaluated at an average effective strainrate of 8/'3
V/D using Eq. (7). Table 2 shows that the predictions
based on Eg. (19) differ from the finite element solu-
tions by less than 10%. The fixed condition is ob-
tained by multiplying the above equation by 1.3, while
the free condition uses a multiplying factor of 0.5
(Table 3). Note that (i) the uncorrected upper bound
solutions are overconservative by almost hundred per-
cent or more, and (ii) the approximate solutions need
no longer be upper bounds once the correction factor
is applied. '

Local Pressures.-- The maximum (peak) interface
normal stress for each of the seven simulations is
listed in Table 2. The table also lists a maximum
interface shear stress of 0.73 MPa for the fixed
condition. There are no interface shear stresses for
the roller and free conditions. Notice that in all
cases the maximum normal pressure is approximately
0.35-1.10 times the global pressure, and not several
(e.g., three) times the global pressure.

The maximum normal stress for the fixed condition
is lower than that for the roller condition by 17%,
although a reverse trend is observed for global
pressures. This occurs because part of the force in
the fixed condition is carried by interface shear
Stress. On the other hand, the maximum normal stress
for the free condition is about 4% higher than that
for the roller condition. There are no interface
stresses on the downstream side for the free condition
due to lack of coritact between the ice sheet and the
indenter. The small level of stresses that exist in
the predominantly rigid continuum on the downstream
side are .transmitted to the structure from the up-
stream side, thereby increasing the normal stresses on
that side by the 4% mentioned above.

Comparison of the local and global pressures
shows that the ratio of the maximum normal interface
stress to the global pressure is approximately 0.35 .
for the fixed condition, 0.55 for the roller condie
tion, and 1.10 for the free condition. Furthermore,
the variation of local pressures with V, D, a and N is
similar to that for global pressures. Thus multipli-
cation of Eq. (19) by 0.46, 0.55, and 0.55 can be used
to estimate the respective maximum normal pressures
(Table 3). 1In a similar fashion, the maximum inter-
face shear stress for the fixed condition nay be
estimated from the equation with a multiplication
factor of 0.37.

For purposes of design it is necessary to con-
sider not only the maximum values of normal stress but
also its distribution on the structure. The design of
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‘a triiutary loaded area.

‘reported in the literaturelz’1

“if the indentation problem is one in which the struce-

* conditions,

‘based on
the
contact

individual structural components is typically
It is possible that
average integrated stress on this area due to
with the ice sheet is significantly less than the
point maxima of stress. Further, the average stress
may reduce for structural components which have larger
tributary areas. Figures 3 and 4 present the normal
stress distributions on the interface. Note that the
normal stresses are always zero where the indenter is
tangential to the direction of ice sheet movement
(i.e., angle equal to zero degrees). At the end of
the first time step where the solution is predomin-
antly elastic, the distributions are cosinusoidal as
one may expect. However as steady state is reached,
there is a tendency for the distributions to become
rectangular or uniform. The distribution is more
rectangulér for the free and roller conditions than
for the fixed condition which appears to be predomine
antly consinusoidal due to lower stress levels, as
well as for the N=4 case than for the N=3 case since
an increasing value of N makes the ice behave more
like a rigid-plastic material. The figures also show '
that downstream interface stresses are zero for the
free condition. The distributions are not affected,
at least visually, as V and D are varied, although
they have to be scaled according to the maximum normal
stresses in Table 2. A conservative design approach
may be to assume a uniform distribution of stresses
based on the maximum normal interface stress.

) A careful consideration of "the interface stress
levels sheds some light on which of the three condi-
tions, fixed, roller or free, is realistic. Figure 5
shows the distribution of interface shear stresses for
the fixed condition. At steady state, the distribu-
tion is predominantly sinusoidal with the maximum
value of 0.73 Mpa occurring at the tangent point.
shear strength of adfreeze bong and sea ice as ‘
varies over a wide
range 0.02-1.38 MPa., It is very likely that either
the adfreeze bond will give way or the ice will frac-
ture in shear over a significant fraction of the in-
denter perimeter. 1In addition, for the typical range
of effective strainrates close to the downstream tip
of the indenter, the tensile strength of ice is less’
than the downstream normal interface stresses for the
fixed and roller conditions, both of which are ten-
sile. Once again, if the adfreeze bond does not give
way, a tensile fracture may occur in the ice over the
perimeter close to the interface on the downstream
side. Thus, for local Pressures the use of the free -
condition should be preferred. The choice will be
conservative over the fixed condition and, marginally
sc, over the roller condition. However, the free
condition may be unconservative for global pressures

The

ture is surrounded by an infinite ice sheet and it is
possible for frictional stresses or adfreege bond to
develop at the interface. :

Comparison with Pressure-Area Curves.-- Pressure-
area curves are often constructed to help designers
obtain the average pressures over tributary locaded
areas for structural components””. A typical curve
developed by Sanderson is shown in Fig. 6. The
darkly shaded areas on the figure correspond to actual
measurements of ice pressure under widely varying
while the lightly shaded areas represent
the author's extrapolation of the measurements. The
dark regions in the extreme left are from laboratory
indentation tests such as those of Frederking and

Gold and Michel and Toussaintl. The central region |
reflects

measurenents from ice breakers traveling in

‘island with a contact area of 200 mz,

maximum normal interface pressure for that indenter.

‘opposed to contact over half the perimeter in the free

‘cracking,

the Arctic, while the two smaller regions on the righ
correspond to global forces on artificial islands
estimated from pressure sensor measurements in the ic
sheet. The contact area is defined as the indenter
area of contact for the laboratory and artificiail
island data. For the jce breaker data, the contact
area is the local area over which the pressure
measurement is made and not the form area of the ice
breaker. fThis figure shows that for an artificial
the indentation
However for a local
the indentation

pressure may be around 1 Mpa.
area of 10 m? on the same structure,
pressure may be around 3 Mpa.

The local to élobal Pressure ratio of three
obtained from the Pressure-area curve seems to contra-
dict the findings in the previous subsection. Fortun-
ately, this is not so. If the contact area in Fig. 6
is interpreted as Dt, then a smaller contact area
implies a smaller indenter diameter if the ice thick-
ness remains unchanged. The effect of indenter
diameter is well modelled by Eq. (19). A plot of the
maximum normal interface Pressure estimate from the
equation leads to the solid line in the figure, Eqg.
(19) "is appropriately modified to account for transi-
tion from plane stress to plane strain using Ponter et
al.'s reference stress method”. This affects the
curve, in an insignificant manner, over the region -
10 m2. When the effective strainrate, i.e., 8//3 v/D,
exceeds 5x10-4 5'1, ice is assumed to have fractured
(crushed) and the uniaxial strength is capped, leading]
to the flat portion of the curve on the extreme left.
The predicted behavior provides an excellent match to
Fig. 6. Thus, a more appealing interpretation of the
figure is to consider the contact area as the indenter
area (Dt in our case) and not the tributary loaded
area for a structural component, and the indenter
pressure corresponding to a given contact area as the

The distribution of the interface stresses may be
assumed uniform over the indenter area of contact as
concluded earlier. However, a different boundary
value problem inveolving a smaller contact area, as

condition, will lead to higher interface pressures.

The key assumption in generating the analytical
curve in Fig. 6 concerns the choice of V. The value
of 0.195 m/hr considered here is based on data for an
artificial island just prior to "breakout" or macro=-
which leads to an excellent match between
predicted and measured indentation pressures for the
structure. However, significantly higher velocities
do occur in the field for which "the current predictive
models based purely on an isotropic creep law will
lead to increasing Pressures. Fracture in ice will be
the key mechanism that limits pressures generated
under higher velocities.

Multiaxial Behavior of Ice Sheet.-- 2 study of
the multiaxial behavior of an ice sheet during inden-
tation in the creeping mode provides clues to likely
failure modes, particularly fracture. All forms of
fracture (érushing, spalling, splitting) initiate as a
result of tensile strains perpendicular to the crack
direction. Even if the applied loads at the element
level are not tensile, it is possible for tensile con—
ditions to occur in a rotated frame of reference,
€.9., a 45° rotation in- the case of pure shear.

Table 4 lists the principal stresses at the point

of maximum interface Pressure at two time instants:
at the end of the first time step (around 100 s) where
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the soiution is predominantly elastic, and at the
twentieth time step (around 2000 s or 30 minutes)
where the solution has reached steady state and is
predominantly creep. The biaxial stress state at the
first time step is compression-tension for all the
cases except for a fixed condition where it is
compression-compression. As creep starts to dominate,
all the cases tend to compression-compression.
|Figures 7 and 8 shows how this compression-compression
region grows in time for the fixed and free cases.

The region is much larger for the fixed condition than
for the free condition. The roller condition is some-
where in between although it resembles more the free
condition. The most striking observation that can be
made from these figures is that tensile stresses occur
almost all over the ice sheet. Biaxial tension tends
to occur on the downstream side, while compression-
tension states of stress are present on both sides.
Experimental evidence under compression-tension states
of stress shows that the occurrence of even small
tensile stresses weakens ice considerably, leading to
premature fracture when compared with uniaxial tensile
loading.

Figure 9 shows the strain fields, which are more
relevant to explaining fracture initiation. Since the
algebraically maximum principal strains are positive
(or almost so) over the entire ice sheet for the fixed
and roller conditions at steady state, there is no
compression-compression (and by symmetry no tension-
tension) region of strain. A tension-compression
state of strain dominates the ice sheet, with tensile
strains exceeding 0.001 at steady state. As the
tensile failure strain is about 0.001 or less for
strainrates greater than 10-7 s=! under Just uniaxial
loading, it seems likely that cracking will occur even
before steady state creep is reached. Similar
conclusions apply for the free condition, the only
difference being that downstream strains are
negligible. : :

The maximum effective strainrates for the seven
simulations are listed in Table 2. For the kinematic
model considered by Ting and Shyam Sunder’ which

is closest to the roller condition, .the maximum
effective strainrate equals 8/Y3 V/D. The prediction
of 2.3x1076 s=1 for case 2 compares well with the
finite element analysis value of 2.4x10-6 s~1,
Further, cases 4 through 6 are consistent with the
predicted proportionality to V/D. Contours of
effective strainrate are plotted in Fig. 10. The
strainrates tend to zero at the tangent points for the
roller and free conditions as one may expect and is a
maximum close to but not at the tips. On fhe other
hand, the tangent point has the maximum value for the
fixed condition. 1In the, immediate vicinity of the ‘
indenter, these plots are different from the circular
contours predicted by the kinematic model in the
approximate analysis. This finding reinforces Ting
and Shyam Sunder‘'s’ observation that the

approximate upper bound analysis is quite accurate for
global pressures, although the use of the strain path
method with a kinematic model that does not. capture
interface conditions may be inadequate for local
pressure predictions.

CONCLUSIONS

This paper has presented a finite element method
of analysis for studying the problem of sea ice
indentation in the creeping mode of deformation. The

lanalysis strategy, applicable to general viscoplastic
hehavior including creep (nonlinear viscoelasticity),

is based on a secant type iteration involving 4-6
cycles per time step on the global equations of motion
and a Newton-Raphson or tangent type iteration,
combined with the OG-method of time integration and
typically not exceeding 4 cycles per time step, on the
rate~dependent constitutive relations at each integra-
tion point within an element. The resulting computer
code, called DECNEC, is capable of simulating a free
or frictional contact between two deformable bodies,
i.e., no contact stresses due to adfreeze bond, by
defining the interface as a “slideline".

Numerical simulations of ice-structure interac-
tion for a rigid cylindrical indenter under plane
stress conditions, a problem of general interest for
structural concepts in the Arctic, and an isotropic
(von Mises) multi-axial power law creep model for sea
ice showed that:

1. Global forces vary by a factor of 2.5 depend-
ing upon whether the interface condition is
fixed (infinite adfreeze bond strength),
roller, or free (no adfreeze bond strength or
interface friction). The fixed condition is
about 1.3 times and the free condition about
0.5 times the roller condition.

2. Finite element analysis predictions of global
pressure differ from a (approximate) modified
upper bound solution of Ting and Shyam
Sunder’ by less than 10% for varying

‘velocity, indenter diameter, and material
constants. :

3. The ratio of maximum normal interface pres-
' sure to global pressure approximately varies
in the range 0.35-1.10 depending upon the
interface condition. It is 0.35 for the
fixed condition, 0.55 for the roller condi-
tion, and 1.10 for the free condition.

4. The maximum (peak) normal interface pressures
vary by a factor of. 1.26 depending upon the
interface condition. The fixed condition is
about 0.83 times and the free condition about
1.04 times the roller condition. The maximum
interface shear stress for the fixed condi-
tion is about 0.81 times the corresponding
maximum normal pressure. 'However, a differ-

- ent boundary value problem involving a small-
er contact area, as opposed to contact over
half the perimeter in the free condition,
will lead to higher interface pressures.

5. Pressure-area curves should be considered as
providing the maximum normal interface ’
pressure for a given indenter area of contact
(form area), rather than the average
integrated normal pPressure over a tributary
loaded area for a structural component., It
is conservative to assume a uniform or
rectangular distribution of the local
pressure over the indenter area of contact
for purposes of design.

€. Tensile stresses, strains and strainrates
occur almost all over the ice sheet, and may
be the key to explaining fracture behavior
during indentation. While biaxial compres-
sion and tension states tend to occur for
stress on the upstream and downstream sides,

respectively, the state of strain is almost
alwavs compression-tension.  The levels of
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tensile strain are often sufficient to cause
cracking even before steady state creep is
reached.

The possible effect of a grounded rubble pile or
accreted ice foot on ice pressures was assessed by
defining an effective indenter equal to a multiple
{2.85) of the structural diameter. This resulted in a
factor of 1.97 increase in global force. 1In the case
of a grounded rubble pile, it would be overconserva-
tive to consider that all this force is transmitted to
the foundation by the structure. On the other hand,
the force transmitted to the foundation by the struc-
ture would decrease by a factor of 4.14 if both the
structure and the grounded rubble pile could transmit
a force proportional to the contact area of each with
the foundation. This may be reasonable only if the
rubble pile is consolidated and grounded firmly in the
foundation soil such as in the case of constructed ice
packs. Further research is necessary to quantify the
level of force that can be directly transmitted to the
foundation by a grounded rubble pile.

The numerical simulations also showed that (i)
even a factor of two uncertainty in velocity will
affect ice pressures only by about 20-30%, and (ii)
uncertainties in material constants for an isotropic
power law creep model may yield ice pressures that
vary by about 15-30%. However, improved material
models that include fracture ang temperature effects
in addition to the transversely isotropic behavior of
sheet ice can have a2 major influence on ice pressure
predictions. 1In particular, fracture in ice will be
the key mechanism that limits ice pPressures -generated
under the significantly higher velocities that occur
in the field when compared with the value just prior
to "breakout" or macrocracking considered here. This
is an area for further research. ’

NOMENCLATURE

constant parameter in power law
transformation matrix ) .
finite element material‘compliance»matrix
diameter of structure
elastic rigidity matrix
. Young's modulus :
transformation matrix for felatingig to ©
‘elastic stiffness matrix of finite element
global stiffness matrix
power law exponent
global force acting on structure
applied load vector
deviatoric stress vector
temperature
time or ice thickness
nodal displacement vector
- approach velocity of ice sheet .
parameter in time integrator
total strain vector
inelastic strain vector
creep strain vector
associative flow rule constant
Poisson's ratio
effective stress meassur
stress vector ‘
rate form is represented by a dot above the
symbol :

@
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TABLE 1 -~ SUMMARY OF CASES

* «
Case Velocity Diameter N Interface |
(ft/hr) (ft) Condition
1 0.64 350 3 Fixed
2 0.64 350 3 Roller
3 0.64 350 3 Free
4 0.10 350 3 Roller
5 1.00 350 3 Roller
6 0.64 1000 3 Roller
7 0.64 350 4 Roller
l
Note: 1 ft = 0.3048 m

TABLE 2 - SUMMARY OF RESULTS

P/Dt (MPa)
Finite Maximum Interface Maximum Effective
Case Element Modified Normal Stress Strainrate
Analysis| Upper Bound © {MpPa) (s=1)
1 2.54 2.44 0.90 4.0x10-6
2 1.98 1.87 1.08 3.4x10~6
3 1.02 0.94 1.13 4.0x10-6
4 1.07 1.01 0.5%9 5.5x10~7
5 2.31 2.18 1.28 5.5%10-6
6 1.36 1.32 0.76 1.1x10-6
7 2.34 2.20 1.27 4.5x%10-6
Note: Maximum Interface Shear Stress for Pixed Condition is 0.732 Mpa
1" MPa = 145 psi - i

TABLE 3 = MULTIPLYING FACTORS FOR APPROXIMATE MODEL (Eg. 19)

Maximum Interface

Condition Global Pressure
Normal Stress
Roller 1.0 0.55
FPixed 1.3 0.46
Free 0.5 0.55

Note: Factor for Maximum Interface Shear Stress in

Fixed Condition = 0.37

TABLE 4 - PRINCIPAL STRESSES AT UPSTREAM TIP OF INDENTER

Elastic (Time Step 1) Steady State Creep (Time Step 20)
Case ~ o

9,(MPa) "y (MPa) 0. {MPa) Oy (MPa)

1 -0.19 -0.07 -0.90 ~0.3%

2 -0.30 +0.07 ~-1.08 -0.16

3 . =0.36 +0.10 -1.13 ~0.16

4 -0.18 +0.04 ~-0.59 -0.09

5 ~0.35 +0.08 ~1.28 -0.20

6 -0.11 +0.03 «-0.76 =-0.10

7 ~0.31 +0.08 -1.27 -0.26"

Note: Tension is Positive

1 MPa = 14

5 psi-
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- Fig. 1 - Test Problem -




- Fig. 2 - Finite Element Grid



(T da1s awyl) 80pJ433U] WO :oﬁgaa_ggwﬁn $S8.41S [DWJON - ¢

UOTI1Pu0jy-3alg (9)

, NOI1Vv207 dVINONY
06 0 0

6—
05~

GZ-~

(I1sd) 3unss3

8d 30V4¥IIN]

Uoritpuo)y Jarroy (q)

NOTLVY201
0

.

¥VINONY

=
o
1

06

1
o
wn

N

n
o~
!

14

0s

(1Sd) 3¥NSS3yd 2oV4NILN]

06 0
B

‘614

_.:oﬁyﬁmzou Pax1d (p)

NOTLVI0T ¥VINONY

[=]
(=2}
!

[=2

o
{o]
|

n
o
i

g}
(o]

(=]
wn

(18d) 3¥NSS3¥d 3OVAYILNI



(0C d81s awrl) 8apy4a1ur Uo UOTINQTISTQ $S3.43S [pULION - b 614

UOTI1puo)y aalq4 (2)

NOT1LV307 dvINoONY

06 0 06~
- ——— . ™3 097

08

| 0971

34d 3IOVIYILINI

(I1sd) 3¥nss

06

UOTITpuo) 48110y (Q)

NOTLVI0T vV INONY
0

06-

ey

1097~ »

{

[=3

=<}
1

(=]
(1Sd) 3¥NSS3Y¥d IVIHILN

06

UOTITPUG) PaXj4 (D)

NOTLV3071 uvineNy

06-

-109T~

=3
oo
1

(=]
(==}

=]
o
-

(ISd) 3uNSS3Yd 30V4¥ILNI



INTERFACE SHEAR- STRESS (psy)
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-90 | 0 - 50
ANGULAR LOCATION
Flg 5 - Shear Dlstrlbutlon on Intf—*rfaca for Fixed Condltlon
(Time Step 20)
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APPENDIX C

S. Shyam Sunder and Seng-Kiong Ting
Department of Civil Engineering
Massachusetts Institute of Technology
Room 1-274, Cambridge, MA 02139 Usa

DUCTILE 70 BRITTLE TRANSITION IN SEA ICE UNDEIR
UNIAXIAL LOADING

Abstract
"7 7777 A new constitutive model for sea ice, applicable
tohmonotqnic uniaxial loading in both compression and
tension, is proposea. The stress-strain-strainrate
behavior cf sea ice is modelled accouniting for strain
softening and for fracture which manifests itself in
terms of tensile cracking and crushing in compression.
The model is used to predict first cracking in ice
under uniaxial compreésive loading besed on a limiting
tensile strain criterion and the results are
calibrated with experimental data availablie in the

literature.

1 INTRODUCTION

Field observations of sea ice indentation on
offshore structures in the Arctic show that fracture
- processes are a major factor in iée-structure

interaction.

The occurfence of first cracks in ice under com=
pressiﬁe creep conditions in the>laboratory has been
studied by Gold /2/. "Based on the éssumption that
grain boﬁndary*shear or slidiné can be associafed with

a delayed elastic effect, Sinha /10/ postulated that
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Fig. 1 Formation of first cracks durlng uniaxial
compressive creep tests.

delayed elastidity can be linked to crack nucleation.
With the help of his mahhema ical model for delayed
elas;1c1ty and the experimental data of Gold, he
showed.that for $-2 ice of grain sizé 4.5 mm .cracks
begin to form if the delayed elastic strain exceeds
1.04x10-4. The time to formation of first crack based
on Gold's laborato*v experiments ana Sinha's delaved

elastic strain criterion is plotted 1n rig. 1.

2 suddenly applied constant lozd case, i.e.,
creep, is noturepresentative'of loading conditions on
offshore structures. A constant strainrate or stress-
rzte condition may be more'realistic. Sandersonfand
child /8/ consider *volcal stress-rates of 0.010- O 033
xPa s—1 and extreme shress—*atns of 1-5 kPa s—1.

Using the principle of superposition, which Sinha /11/
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Fig. 2 Formation of first cracks during tests at.
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‘has shown to be valid for "icelike" materiéls under

monotonically increasing stress, and the delayed
elastic strain criterion they predict that first
cracks in pure S-2 ice should typically occur. at. a
stress of 0.6-0.7 MPa and in extreme conditions may
oceur at 1.3-1.8 MPa (Figs. 2 and 3). For sea ice,
the stress levels are corrected by aitering the net
section stress due to brine volume as described by
Sanderson /7/. The corresponding stresses are 0.4 MPa
and 0.8-1.1 Mpa (Pig. 4).

In order to explain the well—known discr pancy in
ice forces between ored*ctlve moﬂels which use mecha-
nical properties obtained in the laboratory and actual
field measurements, Sanderson and Chiid-/B/ propose

that formation of first cracks in the field 1s synony-

mous with failure of the ice. As such, the stress

levels identified in the previous paragraph are consi-

Gered to limit ice forces. &Although intuitively

appealing, it is not clear how this failure criterion
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‘can be incorporated in a finite elemen:t analvsis

framework for ice force prediction.

Tracture manifests itself in terms of tensile
cracking and crushing in comoression. Numerical anal-
vsis of ice-structure interaction processes in the
creeping mode of Jdeformation /1/ indicates that ten-
sile stresses occupy a large fraction of the area of
an ice sheet. Since ice is weaker in tension than in
compression once cracks occur, accounting for the .dif-

fering behavior of ice in tension may help to reduce

ice force predictions significantly.

This paper presents a new constitutive model for
sea ice, applicable to monotonic uniaxial loading in
both compression and tension. The stress-strain-

strainrate behavior of ice is modelled accounting for

"strain softening and fracture. The model is used to

predict the occurrence of first cracks in ice under
uniaxial comﬁressive loading. Tensile strains o*cur'
under this loading condition as a result of the
Poisson effect or incompressibility condition. Once
cracks occur, the material continues to sustain com-
pressive load but loses iis ability to carry tensile
loads in the transverse direction if applied. This is
a2 realistic assumption and is often used in modeling
concrete behavior /12/. 2 limiting tensile strain
criterion dependent on the instantaneous strainrate in
tension is developed to predict crack nuCleétion. The
results for compressive creep compare very well with

the experimental data of Gold /2/.

2 NEW UNIAXIAL CONSTITUTIVE MODEL

A phenomelogical aaoroach based on simple thermo~

-heol~g1~al models has been used in developing the new



uniaxial constitutive model /13/. The model is based
on Orowan's concept /5/ that material strength is
affected simultaneously by work hardening or strain
hardening and work softening or recovery. Fracture in
pure ice is modelled using the 'strength'-strainrate
data of Ashby and Cooksley contained in Palmer et al.
'/6/. The resulting model is :onsisﬁent with Michel's

/4/ schematic idealization of ice behavior.

For constant strainrates of up to 55104 s-—1
under compressive loading, the stress-strain-
strainrate behavior of ice is given by:

.
g -X % |
[l-exp{-Me)] =~ T [l-exp(-Le)] (1)

Z-

)

Q
]
=zl

where 2=114025 MPa s1/3, B=217408 upra s2/3, mM=1411.2,
L=430, N=3 and K=0.6 based on Wang's /14/ experimental
data for sea ice. At strainrates greater than 10-2
s=1, pure ice is assumed to fracture (crush) at a
stress of 5.1 MPa and to behave as a linear elastic
material with Young's modulus, E, egqual to 9.5 GPa.
The intermediate strainrates define the ductile-to-
brittle transition in compression. For strainrates
between 5x10-4 and 10-3 s~1, the fracture strength-is
assumed to be 7.14 MPa and the stress-strazin behavior
up to fracture is given by Eg. (1). For strainrates
in the range 1073-10-2 s-1, a linear interpolation
between 7.14 and 5.1 MPa on log-log scale is used to
define the fracture strength, while the stress-strain
behavior up to fracture is deZined by Bg. (1) for a
strainrate of 103 s~1 (the initial tangent modulus of
Eg. (1) reaches;a value of 9.5-GPa, the linear elastic’

modulus, at this strainrate).

. Constant stress-rate and creepd curves in com-

pression generated with this nodel agree with Wang's



gt

~3

/14/ theoretical model and the experimental data used
by him for calibration purposes. Moreover, the adop-
ted modeling strategy avoids the numerical problems

encountered by Wang.

The stress-strain-strainrate behavior in uniaxial
tension prior to fracture is considered to be identi-
cal to that under uniaxial compression as given by
£g. {(1). Hawkes and Mellor /3/ justify this assump-
tion for creep data. For strainrates less than 3x10-8
s=1 (i.e., tension 'strength' of 0.42 Mpa for pure ice
and 0.25 MPa for sea ice), ice does not fracture in
tension. For strainrates greater than 5%x10-5 s-1,
tensile cracking occurs at a stress of 2.04 Mpa. A
linear-interpolation on log-log scale is used for

intermediate strainrates, defining the ductile-to-

‘brittle transition in tension.

3. PREDICTION OF FIRST CRACK.OCCURRENCE

The prediction of first crack occurrence under
uniaxial compressive creep and constant stress-rate
conditions is considered here. In order to make this
prediction, it is necessary to monitor the tensile
strains resulting from the Poisson effect or incom-
pressibility condition and to compare them with the
strain for tensile ﬁf cture at the instantaneous
strainrate. When the actual instantaneous tensile
strain becomes egual to the instantaneous fracture
strain the first crack is assumed to occur. This is
the limiting tensile strain criterion for crack
nucleation. Asnumerical procedure is developed to
make the crack predictien. A time increment not
exceeding 10~> divided by the instantaneous strazinrate

is necessary to cbtain accurate results.
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-Figure 1 contains the prediction of first cracks
using the limiting tensile strain criterion under
creep conditions. Comparison with the ekperimental
data of Gold shows that the proposed criterion is in
excellent agreement with data. In particular, the
time to first crack asymptotically approaches infinity
as the compressive stress reduces to 0.52 MPa. The
choice ©of stress-strainrate at which ice transits Zrom
ductile to fracture behavior in tension , i.e., 0.42
MPa and'Ble‘S s=1,3efines this'asymptbte, The large
scatter in the experimental results at c=2.ﬁPa is pos~-
sibly due to the finite rise time of two seconds for
the applied load to reach the constant stress state
for ideal'creeﬁ, The limitingktensile strain criteri-
on compares well with the delayed elastic strain cri-
terion of Sinha for the range of stresses considered
in the figure.;'However, at hicher stresses the two

‘criteria are in significant disagreement (Fig. 3). At



the compressive Ifracture stress of 5.1 'Pa, the pro-
posed model predicts a zero time to first crack since
no creep can occur under this loading. At stresses
greater than about 4 MPa which corresponds to the
leveling-off of the tensile fracture stress to 2.04
MPa, the tensile strain to fracture reduces faster
than at lower stresses. This leads to a faster re-

duction in time to first crack. The sharp kink at the

4 MPa transition point can be eliminated by a smoother

transition in the cracking criterion around the

strainrate of 5x10-3 s-1,

Figﬁre 2 contains the prediction of first cracks
under constant stress-rate conditions. The agreement
between Sanderson and Child's analysis based on the
delayed elastic strain criterion and the pfesent cri-
terion is very good in general. At infinite stress-
rate, the stress at first crack is limited by the com-
pressive fracture stress of 5.1 &Pa. This is predic-
ted by the proposed fracture criterion. Figures 3 and

4 show that for typical stress-rates the stress at

‘first crack is 0.45-0.60 MPa for pure ice and 0.26-

0.35 MPa for sea ice. For extreme stress-rates the

corresponding numbers are 1.2-1.6 MPa and 0.7-0.9 .

‘MPa.

4 CONCLUSIONS

This paper has proposed a new uniaxial constituv-
tive model for sea ice that accounts for strain
softening and fracture (cracking and crushing). The
adequacy of the model has been demonstrated by
comparison with experimental data obtained under
constant straihrate, creep, and constant stress-rate
conditions. A limiting tensile strain criterion has

been postulated to predict first cracks in ice. and its



validity has been established by comparison wit

available experimental dacta.

The constitutive model is being extended to
account for unloading and reloading conditions and feor
multiaxial stress states. The resulting model will be
‘incorporated in a finite eiement analysis framework to
predict indentation pressures and forces using the
limiting tensile strain criterion for crack initiation

and propagation. For load transmitting systems such

as ice features (as opposed to load bearing structural
systems) a limiting tensile strain criterion for frac-
ture propagation is likely to be conservative when
compared to a classical fracture mechanics approach.
This is because the latter considers only the propaga-

tion of pre-existing cracks with a given distribution

of sizes, while the former may be used to predict both
the initiation and propagation of cracks in a materizl

originally in virgin (flawless) form.
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